The Passive Containment Cooling System is the key means of removing core residual heat during severe LOCA accidents. Based on a certain type of nuclear power plant, a passive containment residual heat removal exchanger were designed to be row-tube type and researched in this article. The major design parameters and dynamic response characteristics of this exchanger were given. The analysis showed that the number of pipe are closely related with the fluid flow condition in the heat exchanger tube, the pressure in the containment changes linearly with the steam quality under LOCA, and this heat exchanger can ensure the integrity of the containment under severe accident conditions.
INTRODUCTION
The concept of passive safety is widely used in the design of nuclear power plants. The passive containment cooling system is one of the most representatives [1] [2] [3] [4] [5] . For a certain type of nuclear power plant, this paper discussed a row of tubular heat exchanger, used to derive the residual heat in the containment.
THE STRUCTURE OF THE HEAT EXCHANGER
During the severe reactor accidents, it appears a large quantity of air and steam at high temperature and pressure in the containment. With the row pipe structure, this heat exchanger can ensure that all heat transfer tubes and steam in full contact, which avoid the heterogeneous distribution of steam. Compared to the three-dimensional and column heat exchangers, this exchanger can use the space more effectively. Figure 1 shows a schematic diagram of the heat exchanger. Taking into account the heat transfer tube works in a large temperature difference which brings stress deformation, four heat exchange tubes connect with a single main pipe to maintain the compactness, tube structure shown in Figure 2 . The advantage of this structure is that the heat exchange pipes adopt the arc arrangement on the entrance and exit pipe joint, which can effectively release the thermal deformation caused by the temperature difference and prevent the thermal stress from destroying the welding and other parts. In order to arrange the heat transfer tubes as many as possible, the four-row tubes are arranged in parallel. Four-row tubes of heat exchanger with the total joint connection shown in Figure 3 . The outside row of pipe heat exchanger connect with the main pipe through four tubes, the inner row of pipe heat exchanger connect with the main pipe through three tubes. This design proposal make the total pressure resistance between the outer row of pipe and inner row of pipe be equivalent, and the massive structural strength be appropriate.
CALCULATION OF NUMBER OF HEAT TRANSFER TUBES IN HEAT EXCHANGER
The task of design heat exchanger is mainly to determine the size and number of heat transfer tubes. The number of heat transfer tubes directly determines the volume and heat transfer area of the heat exchanger.
Analytical Assumptions
The condensation of vapor containing non-condensable gases a very complex process. Under the premise of maintain the accuracy of the results, the following three assumptions were used to ensure the feasibility of the calculation. 1) At any time, the input of the steam inside the container is condensed into the current pressure of saturated water, which means the condensate water of outer wall is not super cooled.
2) The outer surface of the heat transfer tube is a film condensation process; the wall heat flux density is uniform, which means the cooling water to achieve a constant heat flow boundary heating.
3) The vapor distribution in the container is even and static. The effect of the non-condensable gas on the heat transfer is neglected, and the heat transfer condition of all tubes is the same.
Calculation Step
According to assumption 3), the heat transfer conditions of the tubes are the same, which means that the product of the heat transfer capacity of single tube and the number of tubes is the total heat transfer capacity of the tube heat exchanger.
The design input parameters are shown in Table I . 
Length of heat transfer tube L
The design of a row of tube-type condensing heat exchanger to achieve the natural circulation within the containment in the steam heat driven is able to eventually form a stable speed. At this time, the circulating cooling water can be condensed per hour flow m, P pressure, temperature T of the steam, and the containment pressure is p.
During the design process of the number of natural circulation condenser, the condensation process inside and outside of the pipe were considered respectively
The condensing process out of the pipe is carried out by assuming the outer wall temperature through iterative calculation to ensure that the calculated heat transfer coefficient is consistent with the classical experimental correlation.
The natural circulation in the pipe is iteratively calculated by assuming the circulating flow of cooling water to ensure that the driving force of the circulation can overcome the resistance and achieve steady flow eventually. In order to match the heat transfer between the internal flow and the external condensation, the heat transfer coefficients h1 and h2 calculated from the inner and outer tubes must be equal to each other. The following will be discussed preliminarily when h1 and h2 are not the same. （ a）if h1>h2: At this point the heat transfer coefficient inside the pipe wall generated by natural circulation is more than the heat transfer coefficient outside the pipe required for the external condensation, the wall temperature will move toward the cooling water temperature and decrease. A decrease of the wall temperature will increase the condensing capacity of the outer wall of the tube, at which point increasing the supply of steam can maintain the pressure in the containment.
（ b）if h1<h2：
At this point the heat transfer coefficient inside the pipe wall generated by natural circulation is less than the heat transfer coefficient outside the pipe required for the external condensation, the wall temperature will shift towards the steam temperature direction. That is the wall temperature rises. A decrease of the wall temperature will reduce the condensation of the outer wall of the pipe, at this time to maintain the same steam supply will cause the pressure inside the containment continued to rise.
（ c）if h1=h2：
At this point the heat transfer coefficient inside the pipe wall generated by natural circulation is equal to the heat transfer coefficient outside the pipe required for the external condensation. The heat transfer process is stable, and the pressure inside the containment can be maintained stable.
Therefore the design results need to achieve: the rated steam parameters h1=h2, to ensure the stability of the pressure within the containment; when increase the steam supply then h1 <h2, in order to achieve containment pressure rise; when reduce the steam supply then h1 > h2, consequently achieve the containment pressure reduction.
The flow of cooling water in the heat transfer tube can be divided into laminar flow and turbulent flow. With fewer heat transfer tubes the fluid within the each pipe lead to a larger temperature rise, and the flow rate of natural circulation is high so that it is easy to form turbulent flow. However, the use of more heat transfer tubes will reduce the quantity of steam condensates on each heat transfer tube, so that the driving force of circulating water is small because of the small rise of cooling water temperature within each heat pipe, which resulted to form a laminar flow easily.
As a consequence, different design results can be obtained under different flow conditions within the tube (Figure 4) . In Figure 4 , the number of heat transfer tubes is normalized. When the number of heat transfer tubes is fewer, the natural circulation is turbulent flow. In order to achieve the mass flow of steam condensation m, the number of heat transfer tubes should be at least 0.1. When the number of heat transfer tubes is more, the natural circulation is laminar flow. In order to achieve the mass flow of steam condensation m, the number of heat transfer tubes should be at least 0.875. Figure 4 shows the maximum quantity of steam that can be condensed under different heat transfer tubes while maintaining the pressure p in the containment.
It can be seen that when the number of heat transfer tubes is fewer, the quantity of steam in the condenser can be gradually increased as the number of tubes increases. However, when the number of heat transfer tubes increase to a certain extent, making laminar flow mixed with turbulent flow in the tube, the quantity of steam can be condensed rapidly decrease. When the number of tubes reaches 0.875, the quantity of steam condensation reach m, and the quantity of steam condensation increase monotonously with the increase of tube bundle.
The number of heat transfer tubes should be selected to avoid the number of tube bundles in the 0.2-0.5 ( Figure 4) interval, since at this time flow in the tube is in a state of transition between laminar flow and turbulent flow, heat transfer performance may appear trough, which cannot meet the condensation requirement. When the quantity of steam condensation satisfies the need of m, the safety number of heat exchange tubes is 0.1-0.2 or the tube bundle is more than 0.875.
In order to ensure the design safety, the selection strategy of tube bundle was the most conservative. Finally the number of heat transfer tubes was determined to be greater than 0.875.
ANALYSIS OF UNSTEADY PRESSURIZATION PROCESS IN CONTAINMENT
The accumulation of steam mass causes the pressure in the containment to rise, and the steam mass m (t), the steam temperature T (t), the vapor pressure P (t) and the containment volume V in the containment satisfy the ideal gas state equation at any time.
Where V stands for pressure vessel volume, m 3 ; M=18g/mol, R=8.31Pa·m 3 ·mol -1 ·K -1 .
Therefore, the pressure in the containment can be calculated by Equation 2.
( )
This indicates that the pressure in the containment is determined by the steam mass and the steam temperature at a moment. Therefore, it is essential to research the change relation of steam quality and temperature with time.
The Relationship of Steam Quality with Time in the Containment
According to the law of mass conservation, the quality of the steam in the containment is determined by the rate of condensation, and the mass m(t) in the containment at any time is equal to Equation 3.
Where Q m stands for steam injection; q m t stands for the quality of steam condensed by the heat exchanger at a time. Figure 5 shows the curve of steam quality changing with time in the containment. When the condensation rate is constant at m, the curve of the steam quality in the containment is dotted line. When the condensing capacity of heat exchanger is less than m, the curve of steam quality in the containment is solid line. In the initial stage, the cooling water circulation rate in the heat exchanger is low and the condensing capacity is slightly lower than the designed capacity. At this time the steam of 3.4m will make the containment pressure increase rapidly. Then the condensing capacity reaches the limit m, where the steam accumulates in the containment at a rate of 2.4 m. 
The Relationship of Steam Temperature with Time in the Containment
According to the law of mass conservation, the following equation is right at any moment.
Where h(0)stands for steam enthalpy in the containment in the beginning; h(t) stands for steam enthalpy in the containment when the time is t; q conden t stands for condensation heat taken away by the heat exchanger at a certain time.
Therefore, at any time, the enthalpy of the steam in the contaiment is equal to Equation 5.
The temperature of the steam in the containment is a function of the enthalpy and the pressure (Equation 6).
The P(t) is calculated by the Equation 7:
By the above equation, Equation 8 is obtained. 
According to the assumption 1), the water condensed on the outer wall is the saturated temperature Ts at this moment, so the condensing heat quantity q ( ) ( )
Where h Ts (t)stands for the enthalpy of saturated steam, which can be calculated by the Equation 10. 
As the Equation 11 is a integral equation with time for the abscissa, the pressure in the containment is an implicit function of the independent variable time, and the function contains the key parameters of the quality of the condensed steam changing over time. Therefore, this parameter can be obtained through experimental means. As the steam was injected into the containment at 3.4m flow rate, the pressure in the containment increase gradually. At the same time, the temperature of input steam in the same enthalpy will gradually increase.The steam quality and pressure in the containment will form a non-linear curve. As shown in Figure 6 , a simple approximation suggests that this curve is made up of infinite number of state points, each of which can be obtained by a stable pressurization process.
The 5, 6…12 curve (normalization parameter in the Figure.7 ) represent a stable supercharging process when the steam quality in the containment at the temperature 5, 6…12 which is increased by 2.4 m (injection 3.4m, condensation m).
Since the pressure process is an unsteady process actually, it can be considered that the unsteady pressure process curve is composed of some points. With assumption 1), it can be assumed that the pressure in the containment at any time during the unsteady state corresponds to the saturation temperature of the steam, so that the continuous unsteady pressurization process can be obtained as shown in Figure 6 . It can be seen that the pressure in the containment increases with a logarithmic curve at 3.4 m steam injection. With the Figure 5 , it is considered that the steam quality in the containment increases linearly with time, and the relationship of the pressure in the containment with time is shown in Figure 7 . As can be seen from Figure 7 , for a condenser designed for the maximum steam condensation m, the pressure of the containment will exceed the designed value when the time for steam injection of 3.4m exceeds 6.8(normalized time in the figure 7, and the normalized parameter is 0.45).
In practice, however, the maximum discharge time of the steam flow does not exceed 6.8, so the integrity of the containment can be ensured.
CONCLUSION
For the passive residual heat removal system in the containment, this paper designed a row of tube passive heat removal heat exchanger, and the transient characteristics of the heat exchanger were calculated. The following conclusions can be drawn.
1) In the case of the equivalent heat exchange capacity, due to different flow patterns within the heat transfer tube (laminar flow, transient flow, turbulence), the number of heat transfer tube exist multiple solutions. In order to ensure safety, it should make the flow in the heat transfer tube laminar flow state.
2) There is a linear relationship between steam pressure and steam quality in the containment.
3) When the steam flow injected into the containment reaches the maximum quantity of 3.4m, the pressure in the containment reaches the design value when the time is 6.8. This time is higher than the actual maximum steam discharge time, and thus the containment integrity can be guaranteed.
